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Abstract 
A new differential cavity ring-down spectroscopy (CRDS) detection technique is proposed. This technique features the 
wavelength differential detection by alternating two side bands generated by an optical single side band modulator. This is useful 
for detecting media with extremely narrow absorption spectra. The detection of carbon dioxide gas with a 1.572-Pm wavelength 
is attempted at the wavelength difference of 0.16 Pm. The differential CRDS signal on the oscilloscope display is distinctly 
observed when the dioxide gas pressure exceeded 200 Pa. 
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1. Introduction 
Cavity ring-down spectroscopy (CRDS), a powerful method for quantitative measurement of chemical 
concentration in small amounts of liquids and gases, is based on measurement of the time rate of decay of a light 
pulse trapped in a high-reflectance optical cavity. As an alternative approach to conventional CRDS detection 
methods, the fiber cavity used in CRDS has been proposed for optical fiber gas sensors2. Nevertheless, the optical 
absorption length, which dramatically determines sensitivity, cannot be designed at sufficient lengths because of the 
small optical fiber-based sensing elements3. Enhancing sensitivity is also difficult because commercially available 
laser diodes prepared for optical communication systems are used4. In other words, we cannot select an optimum 
wavelength for spectroscopic gas sensing. In particular, it is extremely difficult to sense gases such as carbon 
dioxide, which has an extremely small absorption cross section on the order of less than 10-21 cm2 at R(18) transition. 
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To solve these problems, we propose a new differential CRDS detection technique with two alternating laser beams 
of slightly different wavelengths. Our technique features two side bands that are positioned next to each other -a 
lower side band (LSB) and an upper side band (USB)- that are generated by an optical single side band (SSB) 
modulator. These two different wavelengths can control the laser diode beams electricity with wavelength-stabilized 
continuous-wave (CW) oscillation. Consequently, we believe that our technique is useful for detecting media with 
extremely narrow absorption spectra, including gases such as carbon dioxide.  
2. Principle of differential CRDS 
At first, signal intensity I(t) of the conventional CRDS is given by:  
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where t and W are a passed time and ring-down time associated with all losses, respectively. 
 
Next, that 'I(t) of our differential CRDS is given by: 
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where W0 and 'W are a ring-down time associated with internal loss of instrument (without specimen), and a ring-
down time associated with an optical absorption of specimen, respectively.  
 
Here, when 'I(t) reaches its maximum practically at t=t0 in Eq. 2 (ௗοூሺ೟బሻௗ௧ ൌ Ͳ, 'W (ب ߬଴) is given by : 
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Consequently, we believe that 'W can easily be determined with Eq. 2 by reading to and 'I(t0) (i.e., maximum value 
of 'I(t)) from a comb-like differential CRDS signal when W is sufficiently less than 'W. 
    Next, 1/'W is given by: 
 
 ͳ ο߬ ൌΤ σ          (4) 
 
where V, n, and c are the absorption cross section of matter, density of matter, and velocity of light, respectively. In 
other words, we can obtain an optical absorption coefficient with an application of Beer-Lambert law because 1/'W 
is proportional to n. 
3. Measurement system 
Figure 1 show the block diagram of our differential CRDS instrument. The alternated signal polarity, which is 
synchronized to each side band mentioned above, can be obtained by selecting two amplifier outputs with a pin-
diode switch after the CRDS signal detected with a photodiode is fed to the amplifier with two polarity outputs, i.e., 
the positive and negative terminals shown in Fig. 1. The differential detection signal can be determined from these 
alternating polarity signal facilities by averaging with a digital oscilloscope.  
A CW laser beam from a distributed feedback (DFB) laser diode with a wavelength of 1571.96 nm is fed to the 
SSB modulator, thereby generating two side bands. The wavelength difference between LSB and USB was 0.16 Pm, 
which is sufficient for our differential detection technique when a 10-GHz frequency SSB modulator is used. Then, 
either side band is selected by an external signal. Finally, the booster optical amplifier (BOA) generates a 12-ns-
wide pulse signal by feeding to the fiber ring loop. Furthermore, the erbium-doped fiber amplifier (EDFA) is 
inserted into the loop to compensate for the optical loss, combining the band-pass filter for eliminating an amplified 
spontaneous emission generated by EDFA. 
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Fig. 1.  Block diagram of differential CRDS instrument. 
 
4. Experimental results 
To evaluate our technique’s capability, we detected carbon dioxide gas with a 1572.018 nm wavelength. The 
wavelength difference between the LSB and USB was 0.16 Pm; this is sufficient for our differential detection 
technique when a 10-GHz frequency SSB modulator is used. Figure 2 shows two observed CRDS signals, which are 
a conventional CRDS signal (lower waveform, yellow, 1) and a differential CRDS signal (upper waveform, green, 
2), as the parameters of the gas pressure. Note that the path length of optical absorption which is the distance 
between two collimators shown in Fig. 1 was adjusted to 30 mm. As can be seen in this figure, detection is very 
difficult when a conventional fiber-based CRDS sensor is used. We believe that this is because the absorption cross 
section of carbon dioxide gas is approximately 7 X 10-23 cm2 in this wavelength5. However, we distinctly observed 
our differential CRDS signal on the oscilloscope display when the dioxide gas pressure exceeded 200 Pa. Thus, the 
advantage of our technique is confirmed, enabling construction of a highly sensitive fiber gas sensor for 
commercially available optical communication system devices. 
On the other hand, the differential CRDS signal obtained with a 3000-Pa gas pressure, shown in Fig. 2 (d), was 
indefinitely shaped compared with that obtained with 700 Pa, as shown in Fig. 2 (c). This is apparently because the 
absorption spectrum broadens in shape due to the pressure broadening as the gas pressure increases. In other words, 
the above-mentioned 0.16 nm, which is the difference wavelength between two wavelengths, is insufficient for 
performing the differential CRDS for detection with high gas pressure. Nevertheless, we believe that it is sufficient 
for detecting the gas in high-sensitive with extremely low pressure and low consistency. 
 
 
                   
 
(a) 0 Pa          (b)     200 Pa               (c)     700 Pa                   (d)      3000 Pa 
 
 
Fig. 2.  CRDS signals [lower: normal (conventional) signal, upper differential signal]. 
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5. Discussions  
To discuss the capability of our technique and to estimate the “limit of detection (LOD)” value, at first we 
calculated the ring-down timeW (associated with all losses in a fiber ring loop) for a conventional CRDS. As a result, 
the W was estimated to be 1.3 Ps with all wave forms shown in Fig. 2 (a)-(d). In other word, a gas pressure 
dependence of W was not confirmed. This is because of extremely low absorption practically with the wavelength 
mentioned above. Besides, it can be seen in Fig. 2 (b) and (c) that t0 (that is value mentioned in section 2) is 
approximately 1.3 Ps at 200 and 700 Pa, respectively. The conformity to Eq. 2 was confirmed from these results. On 
the other hand, the 'W was estimated to be approximately 87 Ps with Eq. 2. Accordingly, we believe that resolution 
of at least 50 times of that in conventional CRDS can be expected. Furthermore, the density of matter n (i.e., the 
number of carbon dioxide molecule contained per cubed meter) was calculated to be 5.5 x 1021 (m-3) with Eq. 4.  
Nevertheless, the decision of a LOD value in our technique is not appropriateness at this moment in time with no 
optimization of our instrument using a limited experimental data shown in this article. Here, it can be calculated 
theoretically that the density of carbon dioxide molecule with 200 Pa at 300 K is 4.83 x 1022 (m-3), considering 
Avogadro constant. As can be compared between these density values, it is found that the density of theoretical is 
about 10-fold greater than that of experimental. The reason for this is believed to be as follows. The gas chamber 
contains the sensing head (shown in Fig. 1), and carbon dioxide gas was filled in the chamber with a pressure 
reaching at 200 Pa after the air was purged using a rotary pump with the pressure reaching at least 5 x 10-1 Pa. 
Because of this, a carbon dioxide gas is not mixed uniformly in the chamber due to a mean free path. 
To enhance the measurement sensitivity and resolution, it is important to decrease the distance (associated with a 
lap time of loop) between “comb” of CRDS signal. It can be actualized with facility by shortening the length of 
optical fiber composed of a fiber ring-loop.  
Finally, the composition of our proposed system is not necessarily appropriateness one as a commercial sensor. 
This article shows its potential and the achievement possibility for an ultra-high sensitive gas senor by combining to 
the technique for equivalently expanding optical absorption path length with a differential detection technique.  
6. Summary 
We distinctly observed our differential CRDS signal when the gas pressure exceeding 200 Pa, enabling the 
construction of fiber sensor of carbon dioxide gas using a commercially-available devices only for optical 
communication system. We believe that resolution of at least 50 times of that in conventional CRDS can be 
expected. Besides, the signal obtained with a 3000 Pa gas pressure was indefinitely shaped composed with that 
obtained with 700 Pa. The reason for this is believed to be that the absorption spectrum broadens in shape due to the 
pressure broadening as the gas pressure increase. Consequently, it is required for differential detection to prepare 
two stabilized beams with a different wave length adjusted in optimum. 
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